Influence of pathogenic stimuli on Müller cell transfection by lipoplexes by Peynshaert, Karen et al.
  
biblio.ugent.be 
 
The UGent Institutional Repository is the electronic archiving and dissemination platform for 
all UGent research publications. Ghent University has implemented a mandate stipulating 
that all academic publications of UGent researchers should be deposited and archived in this 
repository. Except for items where current copyright restrictions apply, these papers are 
available in Open Access. 
 
This item is the archived peer-reviewed author-version of: Influence of pathogenic stimuli on 
Muller cell transfection by lipoplexes 
Authors: Peynshaert K., Devoldere J., Philips F., Vergauwe F., De Smedt S., Remaut K.   
In: European Journal of Pharmaceutics and Biopharmaceutics, 150: 87-95  
 
To refer to or to cite this work, please use the citation to the published version: 
Peynshaert K., Devoldere J., Philips F., Vergauwe F., De Smedt S., Remaut K.  (2020) Influence 
of pathogenic stimuli on Muller cell transfection by lipoplexes 
European Journal of Pharmaceutics and Biopharmaceutics, 150: 87-95  
DOI: 10.1016/j.ejpb.2020.03.009 
 
 
 
 
 
 
 
  
 
Influence of pathogenic stimuli on Müller cell transfection by 
lipoplexes 
Karen Peynshaerta,b, Joke Devolderea,b , Frederik Philipsa, Fauve Vergauwea, Stefaan De Smedta,b, 
Katrien Remauta,b,* 
aLab of General Biochemistry and Physical Pharmacy, Faculty of Pharmaceutical Sciences, Ghent 
University, Ottergemsesteenweg 460, 9000 Ghent, Belgium. 
bGhent Research Group on Nanomedicines, Ghent University, Ottergemsesteenweg 460, 9000 Ghent, 
Belgium.  
 
*corresponding author: Katrien Remaut, Katrien.Remaut@ugent.be; Lab of General Biochemistry and 
Physical Pharmacy, Faculty of Pharmaceutical Sciences, Ghent University, Ottergemsesteenweg 460, 
9000 Ghent, Belgium. 
 
 
Keywords: Müller cell, neuroprotection, nanoparticle, retinal drug delivery, mRNA, pDNA, hypoxia, 
hyperglycemia, oxidative stress, retina. 
 
 
 
 
 
 
 
 
 
Table of Contents 
ABSTRACT ................................................................................................................................................ 3 
1. INTRODUCTION ............................................................................................................................... 4 
2. METHODS ........................................................................................................................................ 5 
Cell culture of MIO-M1 cell line........................................................................................................... 5 
Isolation and culture of bovine primary Müller cells .......................................................................... 5 
Plasmid purification, mRNA synthesis and labeling ............................................................................ 6 
Lipoplex preparation ........................................................................................................................... 6 
Lipoplex characterization .................................................................................................................... 7 
Nanoparticle incubation ...................................................................................................................... 7 
Stress exposure ................................................................................................................................... 7 
Flow cytometry .................................................................................................................................... 7 
MTT cell viability .................................................................................................................................. 7 
EVOS imaging System .......................................................................................................................... 8 
Statistical analysis ................................................................................................................................ 8 
3. RESULTS ........................................................................................................................................... 8 
Nanoparticle characterization ............................................................................................................. 8 
Transfection of healthy Müller cells by mRNA and pDNA-lipoplexes ................................................. 8 
Transfection of stressed Müller cells by mRNA lipoplexes ............................................................... 10 
4. DISCUSSION ................................................................................................................................... 11 
Comparison of Müller cell transfection and cytoxicity induced by mRNA and pDNA lipoplexes ..... 11 
Influence of noxious stimuli on transfection efficiency and toxicity of mRNA-lipoplexes ................ 13 
Hyperglycemia ............................................................................................................................... 13 
Hypoxia .......................................................................................................................................... 14 
Tert-butylhydroperoxide ............................................................................................................... 15 
5. CONCLUSION ................................................................................................................................. 16 
6. ACKNOWLEDGEMENTS ................................................................................................................. 16 
7. REFERENCES .................................................................................................................................. 16 
8. FIGURE CAPTIONS.......................................................................................................................... 21 
 
 
 
 
 
 
 
 
 
 
 
ABSTRACT 
Neuroprotection is a mutation-independent therapeutic strategy that seeks to enhance the survival of 
neuronal cell types through delivery of neuroprotective factors. The Müller cell, a retinal glial cell type 
appreciated for its unique morphology and neuroprotective functions, could be regarded as an ideal 
target for this strategy by functioning as a secretion platform within the retina following uptake of a 
transgene of our choice. In this in vitro study we aimed to investigate the capability of Müller cells to 
take up a standard liposomal vector (i.e. Lipofectamine 2000) and process its pDNA or mRNA cargo 
into the reporter GFP protein. By doing so, we found that mRNA outperformed pDNA  in Müller cell 
transfection efficiency. Since neuroprotection is explored as a therapy for diabetic retinopathy and 
glaucoma, we furthermore examined the Müller cell’s lipoplex-induced transfection efficiency and 
cytotoxicity in stressful conditions linked to these diseases – i.e. hypoxia, hyperglycemia and oxidative 
stress. Interestingly, Müller cells were able of maintaining high GFP expression regardless of these 
noxious stimuli. In terms of lipoplex-induced toxicity, hyperglycemia seemed to have a protective 
effect while hypoxia and oxidative stress led to a slightly higher toxicity. In conclusion, our study 
indicates that mRNA-lipoplexes have potential in transfecting Müller cells in healthy as well as diseased 
conditions. 
1. INTRODUCTION 
Müller cells are the dominant glial cell type in the retina and are responsible for the support of retinal 
neurons. Their unique anatomy matches this purpose since the Müller cell connects to each neuronal 
cell type by spanning the entire thickness of the retina, from the inner limiting membrane (ILM) to the 
outer nuclear layer (ONL). The Müller cell executes a wide variety of essential functions which nearly 
all assist in the functional, metabolic or structural support of retinal neurons. As an example, Müller 
cells assist in regulating synaptic activity by uptake of glutamate and serve as a soft but strong bedding 
for the neurons to grow on.1 Furthermore,  Müller cells handle the water and ion homeostasis within 
the retina and secrete neuroprotective and anti-oxidative factors in response to pathogenic stimuli.2 
On top of this natural neuroprotective behavior, Müller cells exhibit several beneficial properties which 
render them ideal targets for gene transfer. Indeed, their exceptional radial morphology allows them 
to interact with each neuronal cell type while their endfeet, which abut in the ILM, make the Müller 
cell a reachable target via intravitreal (IVT) injection (Figure 1).3,4 In contrast to neurons and 
photoreceptors, Müller cells are furthermore remarkably resistant to stress allowing them to survive 
in advanced stages of retinal disease.5,6 Based on these advantageous characteristics, we, and others, 
believe that the Müller cell could play a prominent role in ocular neuroprotection by functioning as a 
secretion platform within the retina.5,7–9  
Neuroprotection is a therapeutic strategy that focuses on the preservation of healthy neurons and the 
prevention of neuronal cell death by the delivery of neuroprotective agents like growth factors or anti-
apoptotic proteins.10 It is currently explored for diseases involving retinal ganglion cell (RGC) and/or 
photoreceptor death of which the most commonly investigated diseases are glaucoma, retinitis 
pigmentosa and diabetic retinopathy.11–18 In view of the short intravitreal half-life of proteins, an 
interesting tactic to ensure a prolonged neurotrophic effect is to deliver genes that encode for 
neuroprotective components.11,16 In this study we have looked into pDNA as well as mRNA as 
therapeutic genes for Müller cell transfection. Evidently, the use of pDNA is well-established in the 
field of retinal gene therapy due to its stability and long-term expression. However, the discovery that 
the incorporation of naturally occurring modified nucleosides into mRNA can greatly enhance and 
prolong its expression has recently also proven to be valuable for retinal therapies.19–21 Given that 
these genes could be successfully delivered to Müller cells, they could express the neurotrophic factors 
and secrete them in their surroundings to enhance neuron survival. To ensure efficient delivery of our 
mRNA and pDNA cargo in vitro we made use of the commercial carrier Lipofectamine 2000  throughout 
our study.  
 
Since neuroprotection has been proposed as a treatment strategy for glaucoma and diabetic 
retinopathy,12–17 we wished to explore the influence of stress factors associated with these 
retinopathies on Müller cell transfection. We selected three pathological conditions that are easily 
simulated in vitro. As a first stress factor we have selected oxidative stress since this anomaly has been 
detected in several experimental (animal) models of glaucoma as well as diabetic retinopathy.22–24 We 
further selected hyperglycemia since this is the fundamental cause of diabetic retinopathy and 
elevated glucose levels are known to engender a variety of metabolic abnormalities and oxidative 
stress.24 Finally, we chose hypoxia as a stress factor since diabetic retinopathy is correlated with 
decreased retinal blood flow25 and hypoxic tissue has also been detected in glaucomatous eyes.26,27  
Taken together, in this study we explored the readiness of Müller cells to take up lipoplexes and 
process their gene cargo into proteins. We furthermore sought to compare the expression profiles of 
mRNA and pDNA in healthy Müller cells and assess the therapeutic potential of mRNA. Finally, we 
examined if pathogenic stimuli, as present in diseased retinal tissue, could influence the transfection 
efficiency and/or toxicity induced by lipoplexes in vitro.  
2. METHODS 
Cell culture of MIO-M1 cell line 
The human Müller cell line Moorfields/Institute of Ophthalmology- Müller 1 (MIO-M1) was obtained 
from the UCL Institute of Ophthalmology, London, UK.28 The MIO-M1 cells were cultured using DMEM 
GlutaMAX™ with low glucose (Gibco®, Paisly, UK) supplemented with 10% fetal bovine serum 
(Hyclone®, Cramilton, UK), 1% L-glutamine (Gibco®, Paisly, UK) and 2% penicillin – streptomycine 
solution (Gibco®, Paisly, UK). Cells were passaged at 80% confluency and incubated at 37°C with 5.0% 
CO2. 
Isolation and culture of bovine primary Müller cells 
Bovine eyes were obtained from the local slaughterhouse and transported on ice. Excess extraocular 
tissue was removed and the eyes were rinsed with antibiotic water (10% Penicillin-streptomycin in PBS 
Gibco®, Paisly, UK)). The anterior segment of the eye was removed by cutting along the entire eye at 
5 mm distance from the limbus. Next, the vitreous humor was squeezed out of the eye and an excess 
amount of CO2 independent medium (ThermoFischer Scientific, 18045070) was poured into the eyecup 
to prevent it from drying. The eyecup was cut in 4 pieces after which the retina of 1 piece was 
transferred to a tissue grinder (VWR, 432-0203) containing 15 ml of separation medium (Advanced 
dMEM (Gibco®, Paisly, UK), 1% Glutamax, 1% Pen-Strep). After thorough grinding, the grinded retina 
was poured into a 40 µm filter unit (Corning, CLS431750) mounted on a 50 ml conical tube and spun 
down at 300g for 5 minutes at room temperature. The supernatant was then discarded and re-
suspended in 10 ml separation medium. After repeating the latter step 3 times, the cells were re-
suspended in Müller growth medium (separation medium, 10% heat-inactivated FBS, 4 ng/ml 
epidermal growth factor (Sigma-Aldrich) and transferred to a CellBIND® T75 flask (Sigma, CLS3290). 
The flask was placed in a 5% CO2 incubator, humidified atmosphere, 37°C and left undisturbed for a 
week. After 1 week all debris were washed away and 10 ml fresh medium was added. By now the 
Müller cells are growing into big clusters. During week 3 the cells were plated on CellBIND® multiwell 
plates (Corning, CLS3337) for experiments and passaged into other T75 flasks for further culture. 
Plasmid purification, mRNA synthesis and labeling 
gWIZ GFP (Promega, Leiden, The Netherlands) was amplified in transformed E. Coli bacteria and next 
isolated from this bacteria suspension using a Qiafilter Plasmid Giga Kit (Qiagen, Venlo, The 
Netherlands). pDNA concentration was determined on a NanoDrop 2000c (Thermo Fisher Scientific, 
Rockford, IL, USA) and adjusted to a final concentration of 1 µg/µl with HEPES buffer (20 mM, pH 7.2). 
GFP mRNA was produced by in vitro transcription of the pGEM4Z-GFP-A64 plasmid, of which the 
construct design can be found in reference 29.29 The plasmids were purified using a QIAquick PCR 
purification kit (Qiagen, Venlo, The Netherlands) and linearized using SpeI restriction enzymes 
(Promega, Leiden, The Netherlands). Linearized plasmids were used as templates for the in vitro 
transcription reaction using the T7 mMessage mMachine kit (Ambion, Life Technologies, Ghent, 
Belgium). The resulting capped mRNAs were purified using a RNeasy Mini kit (Qiagen, Venlo, The 
Netherlands). The mRNA concentration was determined on a NanoDrop 2000c ((Thermo Fisher 
Scientific, Rockford, IL, USA) and adjusted to a concentration of  1 µg/µl as done for pDNA. For 
fluorescent labeling of the mRNA and DNA with Cy5, we made use of the label IT® Nucleic Acid Labeling 
kit of Mirus Bio (Madison, WI), where Cy5 was added to the mRNA or DNA in a 1:1 ratio (v:w). This 
mixture was then incubated at 37°C for 2 hours followed by purification of the labeled nucleic acids 
using G50 microspin purification columns according to the manufacturer’s instructions. 
Lipoplex preparation 
The lipoplexes were prepared according to the manufacturer’s protocol applying a ratio of 1:3 (µg 
pDNA/mRNA to µL reagent). Briefly, the transfection agent Lipofectamine™2000 (Invitrogen, Belgium) 
was diluted in OptiMEM (Gibco®, Paisly, UK) and was left to incubate for 10 minutes at room 
temperature. The pDNA or mRNA (stock 1µg/µL) was prepared by diluting it in OptiMEM after which 
it was added in an equal volume to the diluted transfection reagent. After a 5 min incubation allowing 
for complexation of the nucleic acids with Lipofectamine, the lipoplexes were ready for use.  
Lipoplex characterization 
The hydrodynamic size and zeta potential of the lipoplexes were determined using a Malvern Zetasizer 
Nano (Malvern Instruments, Worcestershire, U.K.). For this purpose the lipoplexes were diluted in 
HEPES buffer prior to performing the measurements at 25 °C. Size measurements were done in 
triplicate with three runs per replicate and presented based on the number distribution. The zeta 
potentials were calculated from the electrophoretic mobility based on the Henry equation considering 
the Smoluchowski approximation. Zeta potential measurements were done in triplicate with two runs 
per replicate.  
Nanoparticle incubation 
Müller cells were seeded in a 24 well plate at a cell density of 10.000 cells per well applying 500 µl of 
medium per well. After 5 days of culture, 100 µl of the lipoplexes, prepared using the standard protocol 
in OptiMEM, was added to the cells and allowed to incubate for 24 hours at 37°C to evaluate gene 
expression and 4 hours to evaluate lipoplex uptake.  
Stress exposure 
Müller cells were exposed to stress factors for 48 hours in total: 24 hours prior to lipoplex incubation 
and during the 24 hour lipoplex incubation. To induce oxidative stress, cells were exposed to 75 µM 
Tert-butyl hydroxyperoxide (TBHP, 458139, Sigma-Aldrich, USA). To mimic hypoxia, the cell-containing 
well plates were placed in an incubator with 2% O2 (instead of 21%) at 37°C and 5% CO2. To generate 
hyperglycemia, glucose (G8644, Sigma-Aldrich, USA) was added to the cell culture medium to reach a 
final concentration of 25mM. Note that basic Müller cell culture medium (DMEM GlutaMAX™)  already 
contains 5 mM of glucose. 
Flow cytometry 
All flow cytometry experiments were performed in 24 well plates. After stress and/or lipoplex 
treatment, cell culture medium was removed and cells were washed once with 500 µl PBS. Next, the 
cells were detached by applying 300 µl of 0.25% Trypsin-EDTA (Gibco®, Paisly, UK) after which the 
trypsin was neutralized by adding 500 µl of cell culture medium. This cell suspension was transferred 
to FACS tubes followed by a centrifugation step of 5 min at 300g. Then, the supernatant was removed 
and the cells were re-suspended in buffer (1% FBS, 0.1% sodium azide in PBS). After performing this 
wash cycle twice, the cells were re-suspended in 300 µl buffer and measured with a CytoFLEX™ 
(Beckman Coulter, Netherlands). Data analysis was done with Flowjo software (Tree Star Inc.). 
MTT cell viability 
Müller cells were seeded in a 24 well plate at a cell density of 10.000 cells per well and cultured for 5 
days. After stress and/or nanoparticle treatment the medium was removed and the cells were washed 
once with PBS. Next, fresh cell culture medium containing 5 mg/ml of MTT reagent (Sigma-Aldrich, 
USA) was added to the cells and incubated for 3 hours at 37°C. After this incubation step, the medium 
was carefully removed and the formazan crystals were dissolved by incubation with 100% DMSO 
(Sigma-Aldrich, USA) on a shaker for 1 hour at room temperature. Finally, the absorbance was 
measured at 590 nm and 690 (background) with an Envision plate reader (Perkin Elmer, Zaventem, 
Belgium). The percentage of viability was then calculated by comparison with untreated cells 
representing 100% viability.  
EVOS imaging System  
Prior to executing the MTT assay protocol, all samples were imaged applying the EVOS FL Auto Cell 
Imaging System (Invitrogen, Paisley, UK) without any sample preparation. 
Statistical analysis 
All experiments were analyzed for statistical significance with a one or two-way ANOVA followed by 
the Bonferroni post hoc test to estimate significance between treated groups, or followed by the 
Dunnett post hoc test when compared to an untreated group. The results were considered as 
statistically significant if p < 0.05. The number of asterisks in the figures indicate the statistical 
significance as follows: *p<0.05; **p<0.01; ***p<0.001. All statistical analysis was performed with 
Graphpad Prism 5 software (San Diego, CA). Values are reported as the mean with standard deviation 
(SD).  
3. RESULTS 
Nanoparticle characterization 
Figure 2 shows that pDNA and mRNA complexes had a similar size in HEPES buffer i.e. ~600 nm. Their 
zeta potential, a measure for their surface charge, were both negative though differed significantly: 
pDNA lipoplexes had a zeta potential  of around -10 mV while their mRNA counterparts exhibited a 
zeta potential of – 25 mV. This overall negative charge could be explained by the fact that the positively 
charged Lipofectamine is neutralized by its complexation with the negatively charged nucleic acids. It 
must be noted that our group has determined that Lipofectamine fully complexes the mRNA and pDNA 
at the Lipofectamine/nucleic acid ratio applied throughout this study.21  
Transfection of healthy Müller cells by mRNA and pDNA-lipoplexes 
To explore the potential difference in gene expression profile generated by pDNA and mRNA we 
exposed Müller cells to a dose range of gene-loaded lipoplexes from 0.2 to 1 µg for 24 hours. As shown 
in Figure 3A, the transfection efficiency with NPs containing mRNA was remarkably higher than for 
pDNA, with transfection maxima of 81 (± 3%) and 21 (±1 %), respectively. While a dose-dependent 
increase in transfection efficiency is apparent for pDNA between 0.2 µg  to 0.4 µg, the transfection 
potential of mRNA did not augment significantly after 0.2 µg. Furthermore, while a seemingly 
downward trend is visually observed at highest dosages for pDNA, this effect is not significant. 
 
Interestingly, despite the great contrast in transfection efficiency between the two gene types, the 
mean fluorescence intensity (MFI) of the live cell populations are situated in the same range for all 
dosages for both types (Figure 3B). Similar to the trend observed in transfection efficiency, pDNA does 
elicit a significant dose-dependent increase in MFI between 0.2 and 0.5 µg (white bars) while no 
significant changes in MFI are observed with mRNA for dosages higher than 0.2 µg (grey bars). 
Exposure of cells to nanoparticles more than often leads to cellular stress and/or toxicity.30 To 
investigate the possible toxic effect of the lipoplexes on the Müller cells we have performed an MTT 
viability assay after 24 hour exposure to the nanoparticles. As shown in Figure 3C, both particles elicit 
a dose-dependent reduction in cell viability with significant toxicity initiating from a dose of 0.3 µg (± 
30% cell death). However, no significant contrast between pDNA and mRNA was detected at any dose. 
To ensure qualitative confirmation of our flow cytometry data we looked into the morphology of the 
Müller cells after a 24 hour incubation with the lipoplexes. As can be derived from Figure 3D, Müller 
cell morphology and cell number correlates well with the toxicity trend observed by the MTT assay: 
increasing lipoplex dose results in a reduction in cell number as well as a shift from typical elongated 
Müller cell morphology to rounded cells.  
A potential reason for the distinct transfection efficiency between the two types of lipoplexes could be 
a difference in uptake. To look into this hypothesis, we have determined the uptake efficiency and 
level per cell of lipoplexes containing fluorescently labeled nucleic acids after 4 hours of incubation. As 
illustrated in Figure 4, the uptake profile of mRNA and pDNA lipoplexes is very similar. Indeed, both 
particles are taken up by >90% of the cell population at all doses while exhibiting an obvious dose-
dependent increase in fluorescence per cell.   
Overall, we can conclude that pDNA lipoplexes are less efficient but equally toxic transfection agents 
compared to mRNA lipoplexes. Convinced of the merits of mRNA we pursued our study while focusing 
on the highly efficient mRNA lipoplexes. 
To look into the impact of prolonged exposure to lipoplexes we have tested transfection efficiency and 
viability of Müller cells after a 48 hour incubation with mRNA lipoplexes. As can be derived from Figure 
5, the transfection levels at 48 hours are comparable to those observed at 24 hours both in terms of 
transfection efficiency as well as MFI. Notably, Müller cell viability decreased by an average of 20% for 
all concentrations compared to the 24 hour time point, though this effect was only significant for the 
0.5 µg dose. We can hence conclude that longer exposure to mRNA lipoplexes leads to more cellular 
toxicity without gaining in transfection efficiency. We therefore continued our study on stressed cells 
(see further) with a 24 hour exposure as timepoint. 
While the human MIO-M1 cell line is well-characterized and applied worldwide, we wanted to have an 
indication if primary Müller cells were as eager to take up mRNA lipoplexes and express the mRNA 
cargo. To test this, we isolated primary Müller cells out of fresh bovine eyes and evaluated transfection 
levels after 24 hour exposure to mRNA lipoplexes in healthy conditions. As shown in Figure 6, the 
transfection efficiency observed in primary cells (grey bars) was remarkably similar to the level seen in 
the MIO-M1 cell type (white bars) and for the 0.3 µg dose even significantly higher (± 15%). In case of 
MFI, fluorescence intensities were consistently higher in primary cells although this observation was 
not significant at any dosage. Although not significant, a slightly declining MFI for increasing mRNA 
concentrations can be perceived; a trend that is likely attributed to lipoplex-induced toxicity.  
Transfection of stressed Müller cells by mRNA lipoplexes 
To investigate the influence of retinal disease on the lipoplex-induced transfection efficiency and 
cytotoxicity of Müller cells we exposed MIO-M1 cells to noxious stimuli in vitro. Oxidative stress was 
represented by incubation with Tert-butylhydroperoxide (TBHP), an organic peroxide that is frequently 
applied in cell culture studies. It causes oxidative stress by its decomposition in unstable alkoxyl and 
peroxyl radicals which next react with cellular components.31 To simulate diabetic retinopathy we 
exposed the cells to 25 mM of glucose, a concentration established in literature.32–34 Finally, cells were 
exposed to 2% of O2 instead of 21 % to imitate hypoxia. For all stress factors, cells were exposed to the 
stress for 24 hours prior to performing a 24 hour incubation with lipoplexes under stress conditions. 
This implies that the Müller cells were exposed to the noxious stimuli for 48 hours before the assay 
readout. 
To look into the efficacy and cytotoxicity of lipoplexes while transfecting stressed Müller cells we 
selected three dosages (0.3; 0.5; 0.7 µg) to identify possible dose-dependent trends. 0.7 µg was chosen 
as the highest dose since this elicited a 50 % reduction in cell viability in healthy conditions. In Figure 
7 the viability of Müller cells in function of lipoplex dose and stress factors is displayed. To look into 
the potential cytotoxicity induced by the stress factors itself we have, on top of lipoplex-exposed 
samples, also assessed cell viability with the MTT assay after 48 hour exposure for each stress factor 
as such.  
As shown in Figure 7A, 48 hour exposure to hyperglycemia provoked a small but insignificant increase 
in cell viability. Interestingly, the viability of cells incubated with lipoplexes also increased when 
combined with hyperglycemia. At a dose of 0.7 µg cell viability even augmented from 49% (± 4) to 71% 
(± 10) without and with hyperglycemia, respectively.  Compared to hyperglycemia, hypoxia had the 
opposite effect: while hypoxia as such did not induce any toxicity, the viability of nanoparticle-treated 
cells was significantly reduced upon exposure to a hypoxic environment, from 65 % (±5) to 40% (±5) 
and from 49% (±4) to 30% (±4) for a dose of 0.5 and 0.7 µg, respectively (Figure 7B). As presented in 
Figure 7C, treatment with 75 µM TBHP, leading to a drop in cell viability to 67% (± 4) in untreated cells, 
did not significantly affect nanoparticle-mediated cytotoxicity. To confirm the toxicity trends observed 
with the MTT assay we looked for alterations in cell morphology and cell number with the EVOS 
imaging system. We found that, similar to the MTT results, lipoplex-treated cells in hyperglycemic 
conditions (Figure 7D-3) greatly resemble untreated cells (Figure 7D-1) regarding cell morphology as 
well as cell number. In great contrast, lipoplex-treated cells in hypoxic (7D-4) or oxidatively stressed 
conditions (7D-5) show a number of rounded dead cells and a visually distinct decrease in cell number. 
Finally, Figure 8 presents the percentage of living transfected Müller cells as well as their MFI in healthy 
and stressed conditions. Hypoxia seems to lead to a slight reduction in transfection efficiency although 
this effect is not significant. However, hypoxic conditions do result in a significant decline in MFI at 0.7 
µg dosage. Furthermore, hyperglycemic conditions and oxidative stress do not significantly alter 
transfection efficiency nor the GFP expression per cell. Based on the fact that the transfection levels 
of living stressed cells is comparable to untreated ones for nearly all conditions, we can conclude that, 
the Müller cells that are able of surviving the induced stress are able of taking up the lipoplexes and 
expressing the mRNA.  
4. DISCUSSION  
In this study we aimed to get an impression on nanoparticle-induced gene expression in in vitro 
cultured Müller cells. To this end we applied the most straightforward set-up: a commercial lipid carrier 
(Lipofectamine) loaded with GFP-encoding nucleic acids in Müller cell line. This was a purposeful choice 
since, rather than looking for an ideal drug delivery carrier, we sought to examine general  trends in 
Müller cell behavior toward nanoparticles and/or stress. 
Comparison of Müller cell transfection and cytotoxicity induced by mRNA and pDNA 
lipoplexes 
Characterization of the lipoplexes showed that mRNA and pDNA particles have a similar size in buffer 
which is rather large for a liposomal carrier, i.e. ~600 nm. Despite this similar size their zeta potential 
did differ, although both lipoplexes were negatively charged (Figure 2). Notably, we used the same N/P 
ratio for both nanoparticles (1:3 for µg pDNA/mRNA to µL reagent), since at this ratio the nucleic acids 
are fully complexed within the lipoplex ensuring no free nucleic acids can affect transfection.21 
However, since mRNA strands are smaller in size, there is likely a larger number of mRNA strands per 
µg of nucleic acid as opposed to pDNA. This could signify that more negative charges are added to the 
lipofectamine which could next lead to a more negative overall surface charge for mRNA particles. Still,  
despite their difference in charge, both lipoplexes were taken up at similar levels in Müller cells (Figure 
4).This comparable uptake did not result in similar levels of transfection efficiency. In contrast, mRNA-
containing lipoplexes led to a 4 fold higher transfection efficiency in comparison to pDNA particles 
(Figure 3A). Since both mRNA and pDNA are fully complexed by the lipid particle, the presence of free 
nucleic acids does not influence this observation.21 On the other hand, while both particles are similar 
in size in buffer, it is well-established nanoparticles tend to aggregate in ion-rich cell culture medium, 
especially when exhibiting zeta potential below ±30mV.35 Nevertheless, since the uptake profile of 
both lipoplexes is nearly identical it is unlikely that aggregation accounts for the substantial difference 
seen in GFP expression. Based on the latter observation, we hence suspect that the discrepancy in 
transfection profile is attributed to intracellular effects. 
In fact, we are certain that the observed discrepancy is partly attributed to the basic difference in 
working mechanism and site of action between mRNA and pDNA: while pDNA requires transfer into 
the nucleus and transcription into mRNA, the GFP-encoding mRNA can be instantly translated into 
protein in the cytosol. Considering pDNA needs cell division to cross the nuclear envelope, it is likely 
that the rather slow division of MIO-M1 cells adds to the low transfection efficiency after 24 hours. 
Longer incubation times (≥ 48 hours) might therefore lead to a higher percentage of transfected cells. 
Nevertheless, it should be noted that the Müller cells in the adult retina are usually in a post-mitotic 
state which does not play in favor of pDNA. Once transfected the degree of expression per cell (MFI) 
was similar for mRNA and pDNA. Overall, mRNA therefore achieves a more beneficial expression 
profile since the MFI is as high as for pDNA though the number of GFP-expressing cells is substantially 
higher. Importantly, while the present study only compares pDNA and mRNA at one timepoint (24 
hours), our group did look into the expression levels of mRNA in healthy Müller cells over a course of 
3 weeks using another commercial carrier (Lipofectamine MessengerMAX).  We found that, while for 
unmodified mRNA the GFP expression rapidly declined, specific chemical modifications (e.g. m1ψU) 
could prolong high expression levels. Furthermore, pDNA expression levels never exceeded those 
obtained with mRNA, also at the longer time points.21 Nevertheless, it is probable that despite smart 
mRNA modifications, pDNA will result in longer stable expression profiles than mRNA. The benefit of 
applying mRNA versus pDNA hence all comes down to which therapeutic you aim to deliver and which 
disease you are targeting.36 It is evident that retinal degeneration originating from an identified genetic 
mutation will benefit the most from the intended permanent expression of pDNA. However, the 
transient expression of mRNA should – even for retinal therapies – not always be regarded as a 
downside. By contrast, our ability of fine-tuning the mRNA expression levels and/or time by differential 
mRNA modifications might be beneficial for therapies in which the long-term safety of enhanced 
protein expression is not yet entirely elucidated. In fact, the transient nature of mRNA might avoid the 
known detrimental effects caused by the long-term expression of some neurotrophic factors.21,37 
Next to efficacy, toxicity is an important parameter to consider when evaluating the potential of 
nanocarriers. To estimate particle-induced acute cytotoxicity we made use of the widely applied MTT 
assay and checked Müller cell morphology by microscopy. Both assays revealed a rise in cytotoxicity 
with increasing dose for both lipoplexes (Figure 3C & D). Based on the literature we expect this toxicity 
to be mainly attributed to the growing amount of lipid carrier rather than the nucleic acid fraction. 
Indeed, while liposomal carriers are often presented as relatively safe,38,39 several studies report on in 
vitro and in vivo toxicity induced by liposomes fabricated with cationic lipids.40,41 No significant 
difference in cell viability was detected between mRNA and pDNA-based lipoplexes. This observation 
is in line with our hypothesis that toxicity is caused by the lipid fraction, since the amount of lipid 
applied to the cells is exactly the same for both lipoplex formulations. When taking both protein 
expression and toxicity into account, we can conclude that mRNA is the preferred gene type for 
transfection of Müller cells since low dosages of mRNA lipoplexes produced high transfection efficiency 
with limited cytotoxicity.21 Moreover, these mRNA lipoplexes proved to induce comparable high levels 
of transfection efficiency as well as GFP expression per cell in primary Müller cells (Figure 6).  
Influence of noxious stimuli on transfection efficiency and toxicity of mRNA-lipoplexes 
As a next step we performed the very same experiments evaluating lipoplex-induced transfection 
efficacy and toxicity yet under influence of hyperglycemia, hypoxia and oxidative stress.  
Hyperglycemia 
Hyperglycemia was generated by culture of Müller cells in medium containing 25 mM of glucose. In 
cells exposed to hyperglycemia for 48 hours, a slight increase in cell viability was observed though this 
effect was not significant. Interestingly, cell viability was also higher for all lipoplex dosages in glucose-
treated cells compared to untreated ones, yet the difference in viability was only significant for the 
highest lipoplex dose (Figure 7A). Also by microscopy we witnessed less toxicity in hyperglycemic 
conditions versus normoglycemic conditions (Figure 7D). It therefore seems that hyperglycemic 
conditions boost the survival of Müller cells exposed to lipoplexes and thus have a protective effect. 
Enhanced Müller cell viability under influence of elevated glucose levels in vitro has been noticed 
before by Vellanki et al. They hypothesize that hyperglycemia provokes augmented entry of calcium in 
Müller cells which next stimulates cell proliferation.34 In addition, studies in different cell types have 
shown that also other pathways can enhance cell proliferation as a response to hyperglycemia.42 It 
indeed seems logical that an increase in nutrient availability can stimulate the metabolism and 
simultaneously the proliferation of cells. Following this hypothesis an increase in the number of 
transfected cells could be expected, though this was not detected. Notably, it is well-established that 
the diabetic retina is characterized by Müller cell gliosis which usually involves Müller proliferation.43,44 
It is important to recognize that while these in vitro results indicate that hyperglycemia is beneficial, 
Müller cell gliosis and enhanced proliferation is in vivo accompanied by many Müller cell alterations of 
which some can have a harmful effect on the retina.44,45 Hyperglycemia did not influence transgene 
expression since the number of GFP transfected cells and the MFI of the transfected cells was 
comparable to cells in normoglycemia (Figure 8). We can conclude that hyperglycemia influences 
Müller cell survival, yet does not affect the cell’s ability to take up and process foreign mRNA. 
Hypoxia 
Exposure of Müller cells to hypoxia for 48 hours did not cause any cytotoxicity compared to cells 
cultured in normoxic conditions (Figure 7B). The same observation was made by Zhang et al. and 
Winkler et al. who did not detect significant cell death in hypoxic rat primary Müller cells and human 
primary Müller cells, respectively.46,47 These observations are a logical consequence of the Müller cell’s 
unique energy metabolism which is largely based on glycolysis rather than the highly oxygen-
dependent process of respiration. This implies that, even under normoxic conditions, Müller glia have 
a low rate of oxygen consumption.47 The resistance of Müller cells to hypoxia could be a general trait 
attributed to glial cells. Indeed, also astrocytes – the dominant glial cell type of the central nervous 
system – were found to be resistant to hypoxia thanks to their high glycolytic capacity. It seems that 
astrocytes, and likely Müller glia as well, are able of maintaining their energy reserves despite oxygen 
deprivation as long as there is glucose available to fuel their anaerobic metabolism. Interestingly, the 
hypoxia resistance of glial cells is in great contrast to the vulnerability of the neurons they support; 
many studies demonstrate that neurons are highly sensitive to ischemia or lack of oxygen.45,48,49 
While no change in cytotoxicity was observed in response to hypoxia alone, the combined treatment 
of hypoxia and higher dosages of lipoplexes (≥ 0.5 µg)  did lead to significant toxicity as observed by 
the MTT assay and microscopy (Figure 7B & D). More importantly, the drop in cell viability was more 
substantial compared to lipoplex treatment alone. This observation was rather unanticipated 
considering the lack of cytotoxicity observed in hypoxic Müller cells. Yet, while the Müller cell can 
compensate for the hypoxia-induced stress, the addition of nanoparticle-elicited stress clearly exceeds 
the Müller cell’s ability to adapt, ultimately resulting in cell death. We therefore assume that the basic 
metabolism of the Müller cell is not highly oxygen-dependent, yet the coping mechanisms it 
upregulates to endure the lipoplexes, likely is. When examining the data on transfection efficiency and 
level of gene expression (MFI) we notice that for each dose tested, the transfection efficiency and MFI 
is slightly lower for hypoxia-treated cells than for cells kept in normoxia, yet this effect is only 
significant for the highest dose (Figure 8). Since liposomes are known to enter the cell via endocytosis, 
an active uptake process, this trend could be due to decreased uptake of the lipoplexes in hypoxic 
conditions.50,51 On the other hand, lipoplex uptake could be similar in both conditions but the 
translation of mRNA into the GFP protein might be affected by oxygen deprivation as stated by Andreev 
et al.52  Overall, we can summarize that hypoxia intensifies lipoplex-induced cytotoxicity but does not 
greatly affect the efficacy of the lipoplexes in the remaining live cells. 
Tert-butylhydroperoxide 
A 48 hour incubation with 75 µM of TBHP evoked significant Müller cell death (Figure 7C). Ostensibly 
this does not seem to correlate well with other reports in the field, since exposure to the peroxide 
H2O2 did not affect MIO-M1 cells,53 and only elicited very limited apoptosis in rat primary Müller cells.46 
In fact, we also applied H2O2 as an inducer of oxidative stress during our initial experiments and did not 
observe any cytotoxicity even at concentrations above 1500 µM (data not shown). We therefore 
decided to continue our studies with TBHP based on the following facts: 1) H2O2 is rapidly degraded 
and is eliminated from cell culture medium within the hour at concentrations around 100 µM,54 and 2) 
in contrast to H2O2, TBHP was found to evoke consistent cellular stress and was thus proposed as a 
more suited compound for studies investigating oxidative stress.31 It is well-established that generation 
of ROS and the associated oxidative stress can cause cellular damage on multiple levels including e.g. 
lipid peroxidation and DNA damage.31 Consequently, the TBHP-induced cytotoxicity in Müller cells 
observed in our experiment is in line with these findings. Co-treatment of TBHP and lipoplexes did 
provoke more cytotoxicity than lipoplex treatment alone for all dosages tested, although the effect 
was never significant (Figure 7C). Seeing the separate treatments each evoked substantial cell death 
we did anticipate the combined treatment to be even more harmful. In spite of the extensive stress 
and accompanying cytotoxicity elicited by co-treatment of lipoplexes and TBHP, the transfection 
efficiency and MFI in TBHP-treated cells was similar compared to untreated cells (Figure 8). This is a 
hopeful outcome for our neuroprotective strategy since it seems that regardless of cellular toxicity, 
the surviving cells are able of maintaining a high rate of transgene expression. The latter conclusion is 
substantiated by Bhatia et al. who witnessed that the herbicide paraquat could induce severe oxidative 
stress in astrocytes leading to reduced cell numbers. More importantly, they also noticed that the 
astrocytes that were able of surviving the oxidative insult continued to perform their neuroprotective 
functions.55 
5. CONCLUSION 
The principal goal of this study was to explore the potential of mRNA and pDNA as a therapeutic for 
neuroprotection in healthy and diseased Müller cells. Here, we found that mRNA lipoplexes 
outperformed DNA lipoplexes in Müller cell transfection the number of transfected cells was strikingly 
higher. To further examine the potential of mRNA in this context, future experiments should determine 
the transience of the mRNA-induced GFP expression since this is an important requirement for the 
neuroprotective strategy. Remarkably, none of the stress factors applied, greatly influenced the 
transfection efficiency or the MFI induced by mRNA lipoplexes. We did observe that hypoxia and 
oxidative stress sensitized Müller cells to lipoplex toxicity  while hyperglycemic conditions had the 
opposite effect. Naturally, the experimental set-up applied in this study is elementary since diseases 
usually lead to multifactorial changes in the cellular environment and the influence of surrounding cell 
types is absent in the Müller monoculture. Future experiments could therefore focus on confirming 
these trends in more complex systems such as retinal explants and/or investigate the effect of a 
combination of stress triggers. Since both diabetic retinopathy and glaucoma are chronic diseases, the 
influence of longer exposures to stress could also be evaluated. Nevertheless, our observations 
support the strategy to apply Müller cells as secretion platforms in the diseased retina since this 
suggests that, despite a stressful environment, Müller cells would be able of processing nanoparticles 
and expressing the transgene of our choice.  
6. ACKNOWLEDGEMENTS 
Karen Peynshaert is a postdoctoral fellow of the Research Foundation-Flanders, Belgium (FWO-
Vlaanderen, grant 12Y2719N).We would like to thank the Laboratory of Pharmaceutical Microbiology 
(Ghent University, Belgium) for the use of their EVOS imaging system.   
7. REFERENCES 
1. Reichenbach, A. & Bringmann, A. New functions of müller cells. Glia 61, 651–678 (2013). 
2. Reichenbach, A. & Bringmann, A. Müller Cells in the Healthy and Diseased Retina. (Springer, 
2010). 
3. Peynshaert, K., Devoldere, J., Minnaert, A.-K., De Smedt, S. C. & Remaut, K. Morphology and 
Composition of the Inner Limiting Membrane: Species-Specific Variations and Relevance 
toward Drug Delivery Research. Curr. Eye Res. 44, 1–11 (2019). 
4. Peynshaert, K. et al. Toward smart design of retinal drug carriers: a novel bovine retinal explant 
model to study the barrier role of the vitreoretinal interface. Drug Deliv. 24, 1384–1394 (2017). 
5. Dalkara, D. et al. AAV mediated GDNF secretion from retinal glia slows down retinal 
degeneration in a rat model of retinitis pigmentosa. Mol. Ther. 19, 1602–8 (2011). 
6. Bringmann, A. et al. Cellular signaling and factors involved in Müller cell gliosis: neuroprotective 
and detrimental effects. Prog. Retin. Eye Res. 28, 423–51 (2009). 
7. Gauthier, R., Joly, S., Pernet, V., Lachapelle, P. & Di Polo, A. Brain-derived neurotrophic factor 
gene delivery to muller glia preserves structure and function of light-damaged photoreceptors. 
Invest. Ophthalmol. Vis. Sci. 46, 3383–3392 (2005). 
8. Greenberg, K. P., Geller, S. F., Schaffer, D. V. & Flannery, J. G. Targeted transgene expression in 
Müller glia of normal and diseased retinas using lentiviral vectors. Investig. Ophthalmol. Vis. Sci. 
48, 1844–1852 (2007). 
9. Devoldere, J., Peynshaert, K., De Smedt, S. C. & Remaut, K. Müller cells as a target for retinal 
therapy. Drug Discov. Today 24, 1483–1498 (2019). 
10. Dalkara, D., Duebel, J. & Sahel, J.-A. Gene therapy for the eye focus on mutation-independent 
approaches. Curr. Opin. Neurol. 28, 51–60 (2015). 
11. Nafissi, N. & Foldvari, M. Neuroprotective therapies in glaucoma: I. Neurotrophic factor 
delivery. Wiley Interdiscip. Rev. Nanomedicine Nanobiotechnology 8, 240–254 (2016). 
12. Matteucci, A. et al. Neuroprotection by rat Müller glia against high glucose-induced 
neurodegeneration through a mechanism involving ERK1/2 activation. Exp. Eye Res. 125, 20–9 
(2014). 
13. Hernández, C., Dal Monte, M., Simó, R. & Casini, G. Neuroprotection as a therapeutic target for 
diabetic retinopathy. Curr. Diab. Rep. 16, 29 (2016). 
14. Jindal, V. Neurodegeneration as a Primary Change and Role of Neuroprotection in Diabetic 
Retinopathy. Mol. Neurobiol. 51, 878–884 (2015). 
15. Foxton, R. H. et al. VEGF-A is necessary and sufficient for retinal neuroprotection in models of 
experimental glaucoma. Am. J. Pathol. 182, 1379–1390 (2013). 
16. Wilson,  a M. & Di Polo,  a. Gene therapy for retinal ganglion cell neuroprotection in glaucoma. 
Gene Ther. 19, 127–136 (2012). 
17. Hanumunthadu, D., Dehabadi, M. H. & Cordeiro, M. F. Neuroprotection in glaucoma: Current 
and emerging approaches. Expert Rev. Ophthalmol. 9, 109–123 (2014). 
18. Lipinski, D. M. et al. CNTF Gene Therapy Confers Lifelong Neuroprotection in a Mouse Model of 
Human Retinitis Pigmentosa. Mol. Ther. 23, 1308–19 (2015). 
19. Devoldere, J., Dewitte, H., De Smedt, S. C. & Remaut, K. Evading innate immunity in nonviral 
mRNA delivery: Don’t shoot the messenger. Drug Discov. Today 21, 11–25 (2016). 
20. Andries, O. et al. N1-methylpseudouridine-incorporated mRNA outperforms pseudouridine-
incorporated mRNA by providing enhanced protein expression and reduced immunogenicity in 
mammalian cell lines and mice. J. Control. Release 217, 337–344 (2015). 
21. Devoldere, J., Peynshaert, K., Dewitte, H., Vanhove, C. & Groef, L. De. Non-viral delivery of 
chemically modified mRNA to the retina : Subretinal versus intravitreal administration. J. 
Control. Release 307, 315–330 (2019). 
22. Ferreira, S. M. et al. Time Course Changes of Oxidative Stress Markers in a Rat Experimental 
Glaucoma Model. Investig. Opthalmology Vis. Sci. 51, 4635 (2010). 
23. Chrysostomou, V., Rezania, F., Trounce, I. A. & Crowston, J. G. Oxidative stress and 
mitochondrial dysfunction in glaucoma. Curr. Opin. Pharmacol. 13, 12–15 (2013). 
24. Kowluru, R. A. & Chan, P.-S. Oxidative Stress and Diabetic Retinopathy. Exp. Diabetes Res. 2007, 
1–12 (2007). 
25. Arjamaa, O. & Nikinmaa, M. Oxygen-dependent diseases in the retina: Role of hypoxia-inducible 
factors. Exp. Eye Res. 83, 473–483 (2006). 
26. Tezel, G. & Wax, M. B. Hypoxia-inducible factor 1alpha in the glaucomatous retina and optic 
nerve head. Arch. Ophthalmol. 122, 1348–56 (2004). 
27. Zhu, Y., Zhang, Y., Ojwang, B. A., Brantley, M. A. & Gidday, J. M. Long-term tolerance to retinal 
ischemia by repetitive hypoxic preconditioning: Role of HIF-1?? and heme oxygenase-1. 
Investig. Ophthalmol. Vis. Sci. 48, 1735–1743 (2007). 
28. Limb, G., Salt, T., Munro, P., Moss, S. & Khaw, P. In vitro characterization of a spontaneously 
immortalized human Muller cell line (MIO-M1). Invest. Ophthalmol. Vis. Sci. 43, 864–869 
(2002). 
29. Boczkowski, D., Nair, S. K., Nam, J. H., Lyerly, H. K. & Gilboa, E. Induction of tumor immunity and 
cytotoxic T lymphocyte responses using dendritic cells transfected with messenger RNA 
amplified from tumor cells. Cancer Res. 60, 1028–1034 (2000). 
30. Peynshaert, K. et al. Exploiting Intrinsic Nanoparticle Toxicity: The Pros and Cons of 
Nanoparticle-Induced Autophagy in Biomedical Research. Chem. Rev. 114, 7581–7609 (2014). 
31. Alía, M., Ramos, S., Mateos, R., Bravo, L. & Goya, L. Response of the antioxidant defense system 
to tert-butyl hydroperoxide and hydrogen peroxide in a human hepatoma cell line (HepG2). J. 
Biochem. Mol. Toxicol. 19, 119–128 (2005). 
32. Tien, T. et al. High Glucose Induces Mitochondrial Dysfunction in Retinal Müller Cells: 
Implications for Diabetic Retinopathy. Invest. Ophthalmol. Vis. Sci. 58, 2915–2921 (2017). 
33. Kusner, L. L., Sarthy, V. P. & Mohr, S. Nuclear translocation of glyceraldehyde-3-phosphate 
dehydrogenase: a role in high glucose-induced apoptosis in retinal Müller cells. Investig. 
Ophthalmol. Vis. Sci. 45, 2543–2548 (2004). 
34. S, V., A, F., Y, A., BS, B.-O. & AT, T. High Glucose and Glucose Deprivation Modulate Müller Cell 
Viability and VEGF Secretion. Int. J. Ophthalmol. Eye Sci. 4, 178–183 (2016). 
35. Nagy, A. et al. Comprehensive Analysis of the effects of CdSe quantum dot size, surface charge, 
and functionalization on primary human lung cells. ACS Nano 6, 4748–4762 (2012). 
36. Patel, S., Ryals, R. C., Weller, K. K., Pennesi, M. E. & Sahay, G. Lipid nanoparticles for delivery of 
messenger RNA to the back of the eye. J. Control. Release 303, 91–100 (2019). 
37. Gerwins, P., Sköldenberg, E. & Claesson-Welsh, L. Function of fibroblast growth factors and 
vascular endothelial growth factors and their receptors in angiogenesis. Crit. Rev. Oncol. 
Hematol. 34, 185–194 (2000). 
38. Miki, H. et al. Liposomes and nanotechnology in drug development: Focus on neurological 
targets. Int. J. Nanomedicine 8, 951–960 (2013). 
39. Bozzuto, G. & Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomedicine 10, 975–999 
(2015). 
40. Lv, H., Zhang, S., Wang, B., Cui, S. & Yan, J. Toxicity of cationic lipids and cationic polymers in 
gene delivery. J. Control. Release 114, 100–109 (2006). 
41. Knudsen, K. B. et al. In vivo toxicity of cationic micelles and liposomes. Nanomedicine 
Nanotechnology, Biol. Med. 11, 467–477 (2015). 
42. Lopez, R. et al. Hyperglycemia enhances the proliferation of non-tumorigenic and malignant 
mammary epithelial cells through increased leptin/IGF1R signaling and activation of 
AKT/mTOR. PLoS One 8, (2013). 
43. Astrid Limb, G. & Jayaram, H. Regulatory and pathogenic roles of m??ller glial cells in retinal 
neovascular processes and their potential for retinal regeneration. Exp. Approaches to Diabet. 
Retin. 20, 98–108 (2009). 
44. Bringmann, A. & Wiedemann, P. Müller glial cells in retinal disease. Ophthalmologica 227, 1–
19 (2011). 
45. Bringmann, A. et al. Cellular signaling and factors involved in Müller cell gliosis: neuroprotective 
and detrimental effects. Prog. Retin. Eye Res. 28, 423–51 (2009). 
46. Zhang, X., Feng, Z., Li, C. & Zheng, Y. Morphological and migratory alterations in retinal Müller 
cells during early stages of hypoxia and oxidative stress. Neural Regen. Res. 7, 31–5 (2012). 
47. Winkler, B. S., Arnold, M. J., Brassell, M. A. & Puro, D. G. Energy Metabolism in Human Retinal 
Müller Cells. 44, 735–745 (2000). 
48. Marrif, H. & Juurlink, B. H. J. Astrocytes respond to hypoxia by increasing glycolytic capacity. J. 
Neurosci. Res. 57, 255–260 (1999). 
49. Nieber, K. Hypoxia and Neuronal Function under in Vitro Conditions. Pharmacol. Ther. 82, 71–
86 (1999). 
50. Jain, S. et al. Gold nanoparticle cellular uptake, toxicity and radiosensitisation in hypoxic 
conditions. Radiother. Oncol. 110, 342–347 (2014). 
51. Chen, E. et al. Oxygen microenvironment affects the uptake of nanoparticles in head and neck 
tumor cells. Proc. SPIE 31, 1133–1136 (2013). 
52. Andreev, D. E. et al. Oxygen and glucose deprivation induces widespread alterations in mRNA 
translation within 20 minutes. Genome Biol. 16, 90 (2015). 
53. Toft-Kehler, A. K. et al. Oxidative Stress-induced dysfunction of Müller cells during starvation. 
Investig. Ophthalmol. Vis. Sci. 57, 2721–2728 (2016). 
54. Gülden, M., Jess, A., Kammann, J., Maser, E. & Seibert, H. Cytotoxic potency of H2O2 in cell 
cultures: impact of cell concentration and exposure time. Free Radic. Biol. Med. 49, 1298–305 
(2010). 
55. Bhatia, T. N. et al. Astrocytes do not forfeit their neuroprotective roles after surviving intense 
oxidative stress. Front. Mol. Neurosci. 12, 1–12 (2019). 
FIGURE CAPTIONS 
Figure 1. The Müller cell as a secretion platform for neurotrophic factors following intravitreal injection of 
transgene-carrying nanoparticles. M: Müller cell; ILM: inner limiting membrane; NFL: nerve fiber layer; GCL: 
ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer 
nuclear layer; PRS: photoreceptors. 
 
Figure 2: Characterization of lipofectamine 2000 – NA complexes by dynamic light scattering. A) size B) zeta-
potential (n ≥ 3). 
 
Figure 3: pDNA lipoplexes are less efficient but equally toxic transfection agents compared to mRNA lipoplexes. 
A) Transfection efficiency of healthy Müller cells by mRNA and pDNA lipoplexes determined by flow cytometry 
(n≥5). B) mean fluorescent intensity (MFI) of living transfected cells as measured by flow cytometry (n≥5). C) 
Müller cell viability following transfection with DNA or mRNA lipoplexes as measured by the MTT assay. Both NPs 
induce significant cytotoxicity starting from a dose of 0.3 µg (n≥3). D) Cell morphology after lipoplex incubation 
as imaged with the EVOS Cell Imaging System; scale bar = 50 µm. 
 
Figure 4: The uptake profile of mRNA and pDNA lipoplexes in MIO-M1 cells is highly similar. A) Uptake efficiency 
of healthy Müller cells after 4 hours of exposure to mRNA or DNA lipoplexes, determined by flow cytometry 
(n=3). B) mean fluorescent intensity (MFI) of the entire cell population as measured by flow cytometry (n=3). 
 
Figure 5: 48 hour exposure to mRNA lipoplexes results in comparable transfection levels, yet higher toxicity. A)  
Transfection efficiency of healthy Müller cells by mRNA lipoplexes determined by flow cytometry (n=3). B) mean 
fluorescent intensity (MFI) of living transfected cells as measured by flow cytometry (n=3). C) Müller cell viability 
following transfection with mRNA lipoplexes as measured by the MTT assay (n=3). 
 
Figure 6: Similar trends in transfection efficiency and MFI are observed with mRNA lipoplexes in primary Müller 
cells. Transfection efficiency (A) and MFI (B) of living primary Müller cells transfected with mRNA lipoplexes, 
measured by flow cytometry (n=3). 
Figure 7: Müller cell viability and morphology after exposure to stress factors and/or mRNA lipoplexes as 
measured by the MTT assay and EVOS, respectively. A) Hyperglycemia, 25mM glucose (n=3). B) hypoxia (2% O2) 
(n=6) C) oxidative stress by exposure to 75µm TBHP (n=3). D) 1: untreated; 2) 0.5 µg mRNA lipoplexes; 3) 0.5µg 
mRNA lipoplexes + hyperglycemia; 4) 0.5 µg mRNA lipoplexes + hypoxia; 5) 0.5 µg mRNA lipoplexes + 75 µM 
TBHP. Scale bar = 50 µm. 
 
Figure 8. Transfection by mRNA lipoplexes in Müller cells exposed to pathogenic stimuli. A) transfection efficiency 
B) MFI (n≥3). 
 
